The Pacific Decadal Oscillation (PDO) is a mode of natural decadal climate variability typically defined as the principal component of North Pacific sea surface temperature (SST) anomalies. To remove any global warming signal present in the data, the traditional definition also specifies that monthly-mean, global-average SST anomalies are subtracted from the local anomalies. Because of this, any differences in the warming rates over the globe and the PDO region may be aliased into the PDO index itself. We examine the possibility of a human component in the PDO using three definitions. The implications of these definitions are explored using SSTs from both observations and model simulations of historical and future climate change, all projected onto definition-dependent observed PDO patterns. A systematic anthropogenic contamination is found in all PDO indices over the 21 st century. Using the first definition-in which no warming signal is removed-the contamination is so large that it is statistically detectable in the observed PDO. Using the second (or traditional) definition, the contamination is large, arising mainly from the differential warming rates predicted in the North Pacific and globally. Removing the regional-mean signal (using the third definition) partially solves this problem, but a human signal persists because the predicted pattern of SST response to human forcing projects strongly onto the PDO mode. In consequence, statistically removing "natural variability" effects from a variety of observational datasets using PDO indices should be exercised with great caution. This illustrates the importance of separating internally-generated and externally-forced components in the PDO.
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Introduction
Climate indices provide a means of distilling complex patterns of spatio-temporal variability into simple forms. Indices such as the El Niño-Southern Oscillation (ENSO) or the Pacific Decadal Oscillation (PDO, 1-3) are often used to represent the behavior of modes of natural internal variability. Those modes of "unforced" variability share common features: they are thought to arise from interactions between the coupled atmosphere/ocean system; they display preferred spatial structures and can demonstrate sudden "regime shifts" or complex low-frequency behavior; and finally, evidence of such shifts or changes can be reconstructed from multi-century paleoclimate proxies (4) and captured in pre-industrial control simulations, in which time-varying external forcings are excluded (5, 6) .
The PDO index is associated with the interdecadal variability of sea surface temperatures (SSTs) in the northern Pacific Ocean. It is distinguished by abrupt phase shifts (e.g., in 1925, 1947, and 1977) , and can have a "far field" influence on climate through atmospheric teleconnections (7) . A large variety of natural systems (e.g., salmon productivity, droughtinduced fires, annual river flow, onset of spring, etc…; 3, 8-10) and atmospheric variables have been related to the natural fluctuations in the PDO. Previous research studies (11) (12) (13) (14) (15) have employed these fluctuations to discover that climate variability alone cannot explain the declining snowpack, the decrease in snowfall fraction, and the earlier snowmelt runoff in the western U.S.
While knowledge of the current state of the PDO is recognized to be very valuable for seasonal and annual climate forecasts, for assessments of changes in natural systems (7, 16 ) and for decadal climate predictions (17), the physical mechanisms responsible for low-frequency behavior in the PDO are not yet fully understood (e.g., 18, 19). Additionally, it is entirely plausible that external forcings (e.g., greenhouse gas and sulfate aerosol forcing) have influenced north Pacific SSTs and the PDO index itself. Meehl et al. (20) , for example, could only explain the prominent PDO regime change occurring in the mid-1970s by means of a combination of internally generated variability and anthropogenic forcing.
To date, the PDO index has primarily been defined in two different ways. Under the first definition, the PDO is the principal component of monthly SST anomalies in the Pacific Ocean poleward of 20ºN (e.g., 5, 3, 16, 14, 21 , and many more). Under the second definition (the current "official" or "traditional" definition of the PDO 1 ; 2, 7), monthly-mean global-average SST anomalies are first removed from local anomalies prior to calculation of principal components.
The intent of this second index definition is to remove any externally forced "global warming" effect that may be present in the regional data (as illustrated in Fig. 1 ) and the PDO index itself.
The implicit assumption in the official definition of the PDO is that any anthropogenically forced component of north Pacific SST variability can be removed by subtraction of the global-mean changes-i.e., that the SST response to anthropogenic forcing is spatially uniform. This assumption is unlikely to be true (22) . Under this definition, any long-term, systematic difference in the warming rates of global-mean SST and SST in the PDO region will be aliased into the PDO index.
In this study, we investigate whether the PDO index contains a human signature. Our analysis considers both historical and projected future changes in SST in the PDO region. In the latter case, the imposed anthropogenic forcing is substantially larger than the estimated anthropogenic forcing over the 20 th century, thus making it easier to separate forced and unforced SST variability. We examine the behavior of the PDO using: (1) a total of three definitions, (2) multiple observational SST datasets, (3) a suite of model simulations of 20  th and 21  st century climate change, and (4) selected multi-century unforced control runs. Table S1 .
Model and Observational Data
PDO Definition
The official PDO ( In here, we explore two alternatives to the "official" PDO definition (which we refer to here as "definition 2"). Definition 1 is a simplified version of the official PDO that does not involve any removal of a global-mean, monthly-mean SST signal prior to the EOF analysis. In definition 3, we subtract the regional-mean rather than the global-mean SST anomalies. The intent here is to avoid any aliasing of differences between warming rates over the North Pacific and the global oceans into the definition of the PDO. For each definition, we computed the leading EOF from the observed SST anomalies over 1900 to 1993 to estimate the spatial PDO patterns S-PDOP 1 , S- Table S2 ). This information will be important for understanding the sign of projected PDO trends.
The variability on the decadal time scale of the three observed PDO time series is large relative to changes in the PDO over the entire 20 th century (Fig. 3a) . As expected, PDO 2 correlates best with the official PDO index (r=0.93, see SI Table S2 ) 5 . The PDO 1 index shows a century-scale negative trend (-0.76 ± 0.43ºC/century) over the period 1900-2005 that is significantly different from zero (p=0.09) 6 . This trend arises from projecting a slow-evolving warming signal occurring in the PDO region ( Fig. 1 ) onto the predominantly negative S-PDOP 1 .
Subtracting the time-evolving global mean SST changes (definition 2) yields, as anticipated, to the PDO 2 time-series with no overall statistically significant trend (0.17 ± 0.45ºC/century; p>0.5).
The difference between the PDO 2 and PDO 1 indices (Fig. 3b) Overall, the interdefinition difference between PDO2 and PDO3 is not large enough to overcome the differences arising from observational uncertainties of SST. Results are qualitatively similar when using the ERSST datasets (see SI Text and Table S2 ). The only noticeable difference resides in the ERSST2-based PDO 1 trend, which is not large enough to be statistically different from zero.
Model-based Historical PDO Estimates
As in the observations, the PDO index inferred from individual 20CEN realization displays large decadal variability. Averaging over realizations and models reduces the internally generated noise, increases the signal-to-noise ratio, and highlights a possible PDO response to external forcing 7 . We examine here the PDO indices arising from the SELEC models (Fig. 3c ).
As found in the observations, the multi-model average PDO 1 index shows a century-scale negative trend (-0.36±0.16 ºC/century over the period 1900-1999, p=0.03). The difference between the simulated PDO 2 and PDO 1 indices indicates a large century-long positive trend rising above observational uncertainties, highly correlated with the multi-model ensemble-mean globally-averaged SST anomalies (Fig. 3d ). Interestingly, a large part of the variability of those differences (and in the PDO 2 index itself) is in phase with fluctuations in the optical depth of stratospheric aerosols produced by massive volcanic eruptions 8 . This suggests that the use of definition 2 not only removes a global warming signal, it also makes the volcanic-induced signal apparent in the global-average SST time series more discernible in the PDO 2 index.
As in the observations, the difference time series between PDO 2 and PDO 3 correlates well with the differential warming rate existing between the PDO and the global domains (Fig. 3d ).
This differential warming rate does not, however, replicate all the fluctuations described in the observations until the end of the 1970s (Fig 3d) . It is only after 1977 that the warming becomes faster in the PDO region than globally (as in the observations) in two-thirds of the 33 SELEC realizations ( Fig. 4b) . Nevertheless, using a Kolmogorov-Smirnov (KS) test, this distribution of 20CEN differential warming trends is not distinguishable from that arising from internally generated variability. (See SI Text for more details on the KS test.) All these results show qualitatively little sensitivity to the observational uncertainties and the set of models adopted (see SI Text, Figure S1 and Table S3 ).
Model-based Future PDO Estimates
For the A2 runs, the larger greenhouse gas forcing helps to highlight a possible PDO response to imposed human forcing (Figs. 3e-f). Indeed, one striking result is that all three PDO indices exhibit statistically significant century-scale negative trends over the 21 st century. The origin of the trend differs for each index. In the case of the PDO 1 index, the large negative trend (-6.12±0.39ºC/century: p<0.001) arises mainly because the large anthropogenic warming in northern Pacific Ocean simulated in the A2 runs is projected onto the predominantly negative S-PDOP 1 . In the case of the PDO 2 index, however, the trend (-2.00±0.22ºC/century, p<0.001)
results from the rate of warming of the ocean surface simulated to be larger in the PDO region than globally 9 ( Fig. 5 ), yielding to a residual SST warming projected onto the predominantly negative S-PDOP 2 . In contrast with 20CEN-based results, the KS test indicates that this future differential rate of warming domains cannot be explained by natural internal variability alone (p<0.01; Fig. 4c ). Even under definition 3, a negative, statistically significant trend remains in the PDO 3 index (-1.18 ± 0.20 ºC/century, p<0.01). This trend arises from the modeled structural response of North Pacific SSTs to human forcing, predicting that the central pool of Northern
Pacific will warm at a faster rate than along the U.S. coasts (Fig. 5) . In projecting this slowly evolving cold-phase PDO-like spatial structure onto S-PDOP 3 , a negative trend in PDO 3 appears.
The multi-model averaged interdefinition differences (between PDO 1 and PDO 2 or between PDO 2 and PDO 3 ) are predicted to be large enough to easily overcome the current observational uncertainties (i.e., the horizontal lines in Fig. 3f ). None of these results is very sensitive to observational uncertainties, or the set of models adopted (see SI Text, Figure S1 and Table S3) 10 .
Comparison of Historical and Future PDO Trends with Unforced PDO Trends
To formally distinguish a slow-evolving externally-forced component in the PDO indices, we need to compare the century time-scale changes in the PDO seen in the observations, the historical and future climate change simulations relative to the century time-scale behavior of the PDO arising from natural internal climate variability alone. The methodology employed here consists of (1) comparing the distribution of 100-year 20CEN-and A2-derived PDO trends to the combined distribution of unforced PDO trends from overlapping 100-year CTL segments using a KS test, and (2) estimating the probability that the observed trends (from the three datasets) could be due to climate noise alone. This analysis is done for each definition independently (Fig. 6 ).
We found that the distribution of predicted future PDO trends and unforced PDO trends are statistically different at the 1% significance level, independent of the definition employed (Fig.   6 ). This means that the predicted PDO for the future cannot be explained by climate noise alone and are always anthropogenically contaminated in some ways (with a degree of influence that decreases from definition 1 to definition 3).
The distributions of 20CEN and unforced PDO trends are also found to be statistically different (at the 5% level), but only in the case of definition 1. Additionally, the HadISST1 and NOAA3 observed PDO 1 trends are found to be incompatible with changes arising from climate noise alone (at the 5% level, using a two-tailed test) but compatible with simulated historical changes. In contrast, for the two other definitions, the 20CEN and CTL distributions are not distinguishable, and the observed trends are compatible with both distributions.
Because the anthropogenic forcing has increased mainly at the end of the 20 th century, we reiterated this analysis for a 22-year time scale period (See Fig S2 in SI) . Again, none of the A2-derived 2078-2099 PDO trends can be explained by natural climate variability. This time, the distribution of 20CEN-derived 1978-1999 PDO trends is distinguishable from climate noise 11 (at the 5% level) not only for definition 1, but also for definition 2. However, none of the observed trends can be distinguished from the internally-generated variability, since the noise becomes too large compared to the signal on such a small time scale.
Summary and Concluding Remarks
In this study, we showed that the interpretation of changes in the PDO is problematic, and that the To minimize the "contamination" of the PDO by direct or residual anthropogenic warming, we subtracted the time-evolving changes in regional SST from local SST changes prior the EOF analysis (our definition 3). In this last case, the anthropogenic contamination in PDO 3 is much slower and associated with the structural warming response of SSTs in the PDO region (Fig. 5 ).
The patterns of SST response to greenhouse gas forcings present spatial features similar to the spatial PDO pattern, and thus project strongly onto the natural PDO mode of variability. This yields to a negative trend in the PDO 3 index that is only distinguishable for climate variability in Our results corroborate previous research (25) that suggests that the variability in North Pacific SST will be dominated by a warming trend rather than by PDO variability. But our results also suggest that on top of the overall warming of North Pacific, a warmer central North Pacific (relatively to the coast) will be favored in response to anthropogenic forcings. Our study illustrates that North Pacific SST changes over the 20 th and 21 st centuries have both internallygenerated and externally-forced components, and that the strengths of these components are highly dependent on the definition employed. Understanding both components is important in improving the decadal predictability of future changes in regional climate, droughts, and natural systems. Since the PDO is often used to statistically remove "natural variability" effects from a variety of observational datasets, such noise removal exercises should be exercised with great care.
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Regridding and masking of data
Each observational dataset and model has a land-sea mask on the original model grid. The projection of a variety of simulated SST anomalies onto multiple observed PDO patterns required that all data share the same horizontal grid and a common land-sea mask. So we regridded data from all observational datasets and model experiments to a common T42 horizontal resolution, in taking appropriately the mask into account. Additionally, in order to mimic the observational datasets, all regridded SSTs inferior to the threshold of -1.8ºC in the climate simulations are given the -1.8ºC value to represent sea-ice. In the case of HadISST1, the monthly SSTs and the timedependant sea-ice mask have been regridded first. Then this time-dependant sea-ice mask has been geometrically averaged along the time-axis to provide a time-independent sea-ice mask. To obtain a final land-sea mask common to all datasets, all regridded masks have been averaged geometrically. The final mask excludes any gridpoint that is covered entirely by land in at least one dataset.
Details on the calculation of S-PDOP
The official PDO time-series relies on "residual" monthly-mean SST anomalies in the North Pacific region, poleward to 20ºN. The PDO region of consideration in this study extends from 20ºN to 60ºN and from 245ºW to 115ºW. The EOF analysis to obtain S-PDOP accounts for the smaller area weight of the northern latitudes (due to converging meridians) by weighting the gridded SSTs by the square root of the cosine of the latitude.
We have then projected the SST anomalies from other observational datasets 11 and the associated one-tailed p-value.
Comparison of observed and unforced trends
The model-derived estimate of the two-tailed 95% confidence interval natural internal variability is calculated as 1.96 x sE, where sE is the standard error of the sampling distribution of the unforced trends. We consider that the observed trend is inconsistent with the simulated response to internal climate variability at the 5% level when its estimated exceeds this 95% confidence interval.
Calculation of Confidence Intervals for Linear Trends.
The two-tailed statistical significance test used for the least-square linear trend b in the PDO time-series includes an effective sample size adjustment for standard error of slope and critical t-value (S9). The adjustment for temporal autocorrelation assumes a lag-1 autocorrelation structure of the trend residuals, e(t). The lag-1 autocorrelation coefficient of e(t) is used to compute an effective sample size, n e , and to adjust s b , the standard error of b. Strong temporal autocorrelation of e(t) results in n e << n (the actual number of time samples) and inflates s b .
Sensitivity experiments
6.1. Sensitivity of observed PDO to observational uncertainties
The analyses conducted with the three observational datasets show little sensitivity to observational uncertainties (Table S2 , Fig S1) . Table S2 ), and the difference existing between PDO 2 and PDO 1 always correlates with the globally averaged SST anomalies, whatever the observational dataset employed. As with the HadISST1 dataset, the differential rate of warming between between 1900 and the beginning of the 60's estimated using the ERSST datasets is faster in the PDO region than globally. The gap between those temperatures shrinks rapidly after 1965 and the difference timeseries between PDO 2 and PDO 3 fluctuates accordingly. Finally, the PDO region once again warms more than the globe starting around the last PDO shift in 1977.
Sensitivity of the simulated PDO to model screening and weighting
The results presented in the main manuscript are inferred from the eight SELEC climate models (S3). Each model has been given the same, independently of its number of realizations. We tested the sensitivity of the results using two sets of models (using either 8 or 17 models), and two model weighting options (equally-weighted, or weighted as a 2.3 °C/century for PDO 2 and -0.9 and -1.3°C/century for PDO 3 (Table S4 ). This illustrates again that the trends in PDO times-series are sensitive to the base period in definition 1 and relatively insensitive to the base period in definition 3. The use of definition 3 leads to a more stationary S-PDOP pattern and stable PDO indices.
Captions for Figures in Supporting Text
Figure S1: As Fig. 1 but using the ERSST3 dataset. Table S2 : Statistics on observed S-PDOPs and observed PDOs. Trend significance at the 10%, 5% and 1% levels is indicated by one, two or three asterisks, respectively. Table S3 : Trends in the muti-model ensemble average PDO for two sets of models (the SELEC models or the 17 available models) and for two weighting options (the "equally-weighted" option gives the same weight to each model while in the "weighted" option, the weight of a model is commensurate to the number of realizations). Trend significance at the 10%, 5% and 1% levels is indicated by one, two or three asterisks, respectively. Table S4 : Trends in the muti-model ensemble average PDO using for the SELEC models, the "equally-weighted" option and three different base periods. Equally-weighted ERSST2 -0.16±0.14 0.47±0.11*** 0.36±0.12*** -4.72±0.37*** -1.32±0.14*** -0.72±0.12*** ERSST3 -0.31±0.15* 0.47±0.11*** 0.35±0.12*** -5.58±0.50*** -1.33±0.14*** -0.70±0.12*** ALL models HadISST1 -0.22±0.16 0.52±0.11*** 0.43±0.13*** -5.30±0.33*** -1.31±0.15*** -0.58±0.16*** Weighted ERSST2 -0.15±0.14 0.48±0.11*** 0.39±0.12*** -4.54±0.29*** -1.20±0.14*** -0.58±0.14*** ERSST3 -0.31±0.14** 0.48±0.11*** 0.39±0.12*** -5.40±0.36*** -1.22±0.14*** -0.57±0.14*** 
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